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Ilntrosuction .

When acoustic transducers are to be used at high power levels.
extra measurements are required. At low levels it is usually sate
to asasume that tha transducer ias linear, with properties that are
indapendent of power level, but as the stresses increase thig 1s
often no longer true.

Plezoelaectric transducers present a reactive ioad to the power
ampiifier. A standard measurement technique plots the real and
imaginary admittances tconductance G and ausceptance B). at low
powaer levels. Thesa wvalues can be used to assess the electrical
power requirements, and to design appropriate matching circuitry.
However, if the transducer 1s not linear, these predictions are no
longer valid and it ls necessary to make appropriate measurements
at the power lével at which the transducer 18 expected to operate.
These resultsg can be used to optimise the matching networks and
power ampliflier for the most critical condition of peak power
cutput.

As well as being power level depandent, the transducer’'s
characteristics will cften bhe time dependent, as it gets hot or
the nature of the mechanical load varies. [t is then necegsary tO

be able to make measurements quickly, and preferably on a few
cycles anly. Recent developments in digital storage oscilloscopes
have made this otherwise very difficult task much easier.

Prediction of ta e modes

Plazoelectrie transducers can fall in several different ways,
which depend on their deaign. Although capable of producing very
efficlant high power transducers piezoelectric ceramics are
brittie. Fallure by splitting under tension happens at relatively
low power, and without warning. This mode of tailure can be
ovarcome by prestreseing the ceramic aither by clamping 1t betwaen
metal parts (the composlte piston type of transducer) or gluing
pretensioned fibres around it ("fibreglagsa" reinforced tubes..
These techniques also prevent faillure of tha bond of the electrode
te the cearamic.

Failure of preatregsed transducers is more complicated, but 1is
usually assoclated with the incraasad loasses, both dielectris and
mechanical which cccur at the higher stress lavelis{l). This leads
to heating, which cauges large changes in the ceramic properties,
and can lead to a permanant loss of the polarization in
conjunction with the hlgh strass levels. However, there are
reversible changes which occur first, and where these can be
menitored they provide an indicator of ilompanding faltiure.
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Appiication_to underwater projectors

Transducers for underwater sound proijection orten operate at high
peak power level but for very snort pulses. Pulse iengths are
typically a few milliseconds, and to further reduce the mean power
consumption, the repetlition rate is aften kept low. These low duty
cycles are also useful to allow the reverberation ana moultipath
transmission intensities to die down before the next pulae.
Houever this makes the electrical measurements more dirticult
because the necessary phase sensitive systems require many cvecles .
toe stabilige.

Typical calibration arrangemants can provide even tighter .Jimits
on the avallable pulse lengths, because of the iimited size of the
water volume available to absorb the sound. Gating of the received
signal over a | milligecond period allows accurate measurements to
be made in small tanks, in which the water depth is .greater than
about Z metres. This means that small transducers whose far-fiold
starts at less than | metre range can be assessad before thea tirst
¢cho arrives from the tank wall or the water surface. The input
gignal must then aiso be gated to allow the reverberation to die
down, and the two gating controis co-ordinated to optimise the
receive period.

Callbratinn'of lingay underwates transducerg

Calibration of linear transducers can be made using a combination
of puleed measurements and CW tcontinuous wave) measurements, For
an acoustic projector the most commonly quoted data is the
projector wvoltage sensitivity, Sv. This is the ratioc ot the
acoustic pregssure, P,, at a standard distance of 1 matre, to the
appliad voltage. This is most simply specified in 51 units of
pascal metres per valt (Pa*»m/V).[2] It can then be converted to
the commonly used decibel value referred to micropascalssvolt at |
metre (dB//uPasV @1m:.

Measurement of this sensitivity can be made without any phase
information belng required. A calibrated hydrophone is necessary,
placed at range R, whose receive senaitivity, M., can be quoted in
V/Pa, or the corresponding decibel value in dBs/V/puFa. The input
voltage applied to the preajector V,, and the voltage received trom
the hydrophone, V., c¢an be measured with a calibrated
vscilloacope, and the sensitivity calculated

Se

= Vy MR
Ve #My
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In making these measurements geveral candltiens need to e
cbserved, including

1. The input impedance of the voltmeter or asciiloscopa used
for meaguring V., needs to be sufficiently high not to icad the
hydrophone. Any reduction in M, due to loading by the input
capacltance of the voltmeter or additional test cable, must be
agssessed and the calculation adjugted. Fer sinuscidal outputs,
elither peak to peak (ps/p’, or reot mean square .rms/ values can be
used provided thias choice {3 consistent. Fer measurements taken
from an oscilloscope screen p/p are the most appropriate. but in
this discussion rms values wili be used as it is then simpler to
relate the voltages to power levels.

2. Thus the tnput voitage, V,, wil) be considered to be the
rms value, measured at the end of the transducer cable .sea the
figure). An underwater transducer, of necessity., has an i1ntegral
cable, at least during calibration. Thig cable can be considered
aa part of the device. 8o that no compengsation to ths eiectrical
ar electro-acoustic parameters (such a8 My), wiil be required
unieas the length of cable needs to be changed.

3, The hydrophone is placed at a range or R metres, chosen to
avoid problems of echoes and reverteration, and to place 1t in the
far-tield of the projector and 1t's housing. This means that the
acoustic wavefront is substantially spherical, and the projector
can be conaidered as a point source. The range is then measured
from this point, the "acoustic centre"”. The acoustic pressure
measured on the spherical surface (radius R) will vary with
direction, but it's dependence on R will rollow the apherical
gpreading law,

With the above conditions satisfied the rms pressure, Pa, is
inversely proportional to R, and acoustic intensity is given by

U = Pg? = P, 2 = Syiay,d watts/mé
dee R2 wdnc R? adxc

where d is the density of water i(kgsm*)
e iz the speed of sound in water wm/sg;

The projector sensitivity S.,, used above, is the response to
voltage. If the admittance, Y, 18 known, Sy can be converted to
the current sensitivity, 5;, in units of Pasm/Amp. [his secono
parameter s usseful because it can be used to calculate the
receive sensitivity, M,. For piezoelectric transducers madse with
passive parts and nc active electronics, the acoustic reciprocity
principle can be used [3,4). This gives the tollowing relationship
under the conditliens of far-tield apherical spreading-

My = 2'5[ = 2IS,‘

duf Yacist

where f is the frequency in Hz. Thus 5., 5,, and M. arse
determined,
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The last parameter required for the callbration of a linear
reciprocal! transducer is the electro-acoustic etriciency, E.

This 13 the ratio of the total acoustic pawer radiated to the
electrical power absorbed. For an omnidirectional transducer where
the sengitivities are independent of direction this can be
calculiated {f the conductance, G, is known. The electrical power
absorbed from a sinusoidal signal, Wg, 13 given by

We = Ve aG

The acoustic power radiated, Wa, i8 then given by the area
intagral of the intensity over a sphere radiua R

Wa = I U dA = UsanR: = 4n#Sy iV,
d#c

This can be generalised for non omnidirectional transducers by
using a directivity factor Df, the ratioc of Us, the Intenaity in
the direction of interest, to the mean intensity over the sphere

D = Un/ I U _da
an
Dt can be measured by rotating the projector and integrating the
results as above. In practice, the transducer symmetry can be used
to minimise these measurements. The acoustic power now becomes

Wa = UgwamR2 = amnS,7eV,?
Ot Lrsdrc

As expectead., with the assumptiona of spherical spreading this power
is independent of range R. The efficiency can now be calculated

E = amub,?
Df udecuG

The far fleld performance of a linear reciprocal transducer is
then fully characterised by knowledge of Vs, V., Df, 7, and &
at each frequency.

High power pulseg measurements

Measurement of V,, V., Df and ¥, even with short pulses, i3 not
difficult, becaugse no phase information is required.ln contrast,
whilgt G and B can be megagsured tor CW signalg using readily
available instrumentation, pulsed signals present more diftriculty.
However, recently available digital storage oscilloscopes have
tacilities to multiply two waveforms together and take the average
over a defined period. If one channel is set up to measure voltage
and the othar current a Vi product wavetorm 13 produced.This Vi
product representa the Iinatantaneous power dissipation. [t
averaged over a whole number of cycles the mean power value, Wi,
ia obtained.
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1f the phase angle ,?, is referred to the real! axis, then
G = Y#cose B = v#aine

Thus the power absorbed We, is given by
Wq = Vpt*uYacoge = Vi

The mean VI value can now be used to calculate etficiency, the
power factor cos¥, and the etfoctive values for 8 and 4. knowledge
of the susceptance B gives the equivalent capacity and tne
inductance required to properly match tha transducer to the power
amplifier.

Using a muitiplying cscilioscope

This alternative scheme measures Ve, V:, and Lt as betore. but
measures [», the projector current, and Vi, the average power
absorption, in place of B and G. Figure 1 shows the circuit
requirements. [s is5 most conveniently measursd using a probe based
on a current transtormer, which can be clipped Qver one ot the
wireg to the transducer. However, such probes are not always
avallable, and It is possible to measure the voltage developed
across a gseries reaslstar with little errar. The value of this
raesistor will need to be adjusted for dirfereant transducer
impedances, but in practice 1O ohms is a userul starting point,
This needs to be fitted in the O volt line because the two
ascilloscope probes must have a common ground point. The
transducer then "flcoats" a tew volts away from this ground., This
ig oniy acceptable tar transducers insulated rrom "earth” the
.water in thig case!. If this is not soc a current transformer probe
will be required,

Choosing the gating period

It is important when using time average representations of gigrals
to consider the effects of the gating period. As wili be shown,
even for unmodulated sinusolds the rms values will be in error
unlegs the gate period over which the waverorm is averaged is an
exact number of half cycles. While this can achieved ir the gate
period is recalculated tor each frequency, it ls simpler to use a
fixed period , or one chosen primarily to aveid the problems ot
reverberation and spurious harmoenica generated near the pulae
envelope edges. [n this case the error will be minimised by
inereasing the length of the sample.

The most critical measurement i3 found to be the mean powes VI.
The current and voltage wavefarms can be written as tolilows-
Ve (t) 2 Vygintwt) Istt) = [osiniwt + @)

where w is the angular frequency Iin radiansssec
and ¢ {5 the phase angle in radiang
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The peower abaorbed {s then

Vice) 2 Yaulywicoad - cost2wt + #1)
2

where the product ot sines has been convertad into a more
convenient form. It shows that uniess cos & = 1 there are moments
whan the instantaneous power consumption is negative! This reature
is indeed seen on the V)(t) waveforms seen in practice, which as
shown above conzist of a DC term Vg locos®ds2 plug an oscillatory
term with twice the trequency of the input voitage. Clearly the
mean power over any number of half cycles wiil be positive as the
osciliatory term is then zero. '

The rms values of Ve (t) and ls 1t} can be calculated by a similar
analysls to give

Ve = Vars a2 le = logrsd2

Thus these three measurements Ve, ls, and VI give the power ractor
and admittance, from which conductance and errficiency are tound

cos® = _VI Y = 1g G = V1 E =an#Sy3aVp?
Ve 8], Ve Ve ? Dindresy|

To calculate the error due to the averaging period &t not being an
integral number of half cycles the second term in Vii.t) has to be
integrated from time t to t+&t, and divided by &t to give

Err = Vpulo #(9int2w(t+St)+#) = gin(2wi+dry
Gt

Ag expected this is zero if 2wit = 2r, but otherwise has a maximoum
value of Va#l,/(2#wsEt) when the sine terms are +1 and -1. The
corresponding percentage errvor in VI is

Err% = 100/(coadawsst)

This c¢an usefully be converted to decibels

Err = 10®log(l + 1l/icosdswast))

If the error is to kept below ¢.1d8 the minimum number of cycles
NisweEt/2x), over which the averaging should be done 13

N & 6&.83/coa@ = 7/coae

Similarly a mininum of 7 cycles is seen to be required ror the
errors In Ve and |, to be less than 0.1aB.
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Canclusion

With the aid of a multiplying digital oscilloscope, it 15 possiole
to measure the mean power absorbtion of acoustic transducers, even
within short pulses. This {nformation can be used as tollows-

1. To measure the efflciency of non linear transducers at
high power levels. )

2., Toe measure the change in phase oI the current with power
leve!, and the associated conductance values.

3. To use this data to monitor the onset cof nonlinearities,
and to correlate this with mechanisms ot failure. 1t wil!l then be
poasible te set reliable powar levels.

4, To use the above data to design matching networks
optimised for high power levels.
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